The main objective of this study is to develop single location appropriate models for the estimation of the monthly average daily global and diffuse horizontal solar radiation for Brasov, Romania. The study focuses particularly on models based on the sunshine duration and clearness index. The data used for the calibration of the models were collected during a period of 4 yr, between November 2008 and October 2012, at the Transilvania University of Brasov. The testing and validation of the models was carried out using data from the online SoDa database for Brasov for the year 2005. Different statistical error tests were applied to evaluate the accuracy of the models. The predicted values are also compared with values from three other known models concerning the global and diffuse solar radiation. A new mixed model was developed for the estimation of monthly average daily global horizontal solar radiation. The data processing was performed by means of a realtime interface developed with LabVIEW graphical programming language. The parameters taken into account were the relative sunshine, the clearness index, the extraterrestrial radiation, the latitude and the longitude. The methodology is simple and effective and may be applied for any region. Its effectiveness was proven through comparison with global models. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The amount of solar radiation on the ground, on a surface, through a curved aperture or through windows is a fundamental quantity used in energy balance equations, where it appears in the form of intensity (W/m 2 ), power (W), or energy (Wh). 1 It is, also, important to provide good estimates and reliable measurements of the solar radiation. The ex ante determination of the useful amount of energy to be delivered in any place through the solar radiation conversion to thermal or electric power is considered as sine qua non for intelligent solar radiation applications. Innovative solar radiation applications in the domestic, industrial, and agricultural sectors are presented and argued in many research works. [2] [3] [4] [5] [6] [7] Many research studies focus on the measurement, monitoring and analysis of horizontal solar radiation at different locations. National and global databases have been developed for this purpose, such as NASA, European GIS databases, etc. [8] [9] [10] The analysis of these data is also useful for the extraction of the values of the most important parameters, or the average values of solar radiation with daily, monthly, or seasonal dependence and variations which might be considered as stochastic. However, in the well-established models for sizing renewable energy systems, mean estimated or average either daily or monthly values of solar radiation are used as input data, see f-chart or U-f chart methods. 1, 11 Such values are determined a) dtcotfas@unitbv.ro either by using various models for their prediction or by data bases at national or international level. The solar energy potential becomes a major consideration in photovoltaic (PV) systems installation, for zero energy or passive solar buildings, agricultural applications like crop drying, green house studies, solar thermal and cooling, climatology, photobiology, etc. 2, 4, 6, [12] [13] [14] The monitoring of the solar radiation is realized by meteorological stations running in various geographical places in all countries which measure mainly global solar radiation and sunshine duration. The diffuse component of the solar radiation is measured by pyranometers with a shadow ring properly attached on to their frame or with shading disc on suntracker, spectroradiometers, etc. The direct component is measured by a pyrheliometer mounted on a sun tracking system.
II. BRIEF REVIEW OF THE MODELS
There are several models developed to predict solar radiation profiles on a daily, monthly, and hourly basis. 2, 12, [15] [16] [17] [18] [19] [20] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] 57, 58 These models are empirical, theoretical, or stochastic, leading to sophisticated models using neural networks and fuzzy logic algorithms. [21] [22] [23] [24] [25] The input data for such models include quantities such as the sunshine duration, the latitude and the longitude, the declination angle, the altitude, the cloudiness, the ambient temperature, the relative humidity, the atmospheric pressure, and precipitate water vapor. 2, 19, 20, [26] [27] [28] [29] 31, 35, 36 The models for the monthly average daily global horizontal solar radiation can be classified in the following categories, see Table I : 31 The models based on sunshine duration are the most widely studied and used in research studies. These models can be classified in four main groups: 19, 20 • Linear models-based on a modified form of the Angstr€ om equation. 37 The empirical coefficients a and b can be obtained using first order regression analysis. Models developed in the literature include annual models, seasonal (separated into two periods October-March and April-September) and monthly models. From a geographical perspective the models can be local, 38, 39 regional, 20, 31, 40 or general models.
41,42
• Polynomial models-based on 2nd or higher order equations; the models developed in the literature also include local, regional, and general models. 19, 20, 31, 41, 43 • Angular models, derived from the Angstr€ om equation, have been proposed by many researchers; whereby alongside the monthly relative sunshine duration the models also use input parameters such as the latitude-u, the longitude-k, and the altitude-Z of the site. 19, 20, 31, 44, 45 In this group of models the linear fitting parameter a is determined as a function of u, k, Z.
19,31
• Other models-this group comprises the models which cannot be included in the previous categories; these models use other mathematical approximation such as exponential, logarithmic, and power form based equations. 19, [46] [47] [48] [49] [50] The empirical models used to determine the monthly average daily diffuse horizontal radiation can be classified according to the function used for the input parameters. 16, 19, 32, 34, 51 The models can thus be grouped into the following three classes:
• Models based on the clearness index-they can be a linear or other function of the monthly average daily clearness index. 16, 19, 32, 34, 51, 52 • Models based on the sunshine duration-they can be a linear function or other function of the monthly average daily sunshine. 16, 19, 32, 34 • Mixed models based on the mentioned two parameters or on additional parameters such as the ambient temperature, the relative humidity and the monthly average solar altitude at solar noon. 16, 32, 34, 53 Empirical models that have been proposed in the literature include local models, such as the model developed by El-Sebaii et al. for the city of Jeddah, Saudi Arabia 51 or by Li et al. for the Guangzhou, China, 16 regional models, such as the models developed by Ulgen and Hepbasli for three major Turkish cities 54 or by Haydar et al. for Central Anatolia region of Turkey, 55 and, finally, general models such as the models developed by Bortolini et al. for the European (EU) geographical area. 32 
III. METHODOLOGY
The main objective of this work is to determine the models which provide the best estimates of the monthly average daily global horizontal solar radiation, as well as the monthly average daily diffuse horizontal solar radiation for Brasov, Romania. In order to identify the best models, seven selected models for the estimation of the monthly average daily global horizontal solar radiation, and five models for the monthly average daily diffuse horizontal solar radiation are studied. The selected models are chosen because they are the most widely used by researchers in order to estimate the monthly average daily global and diffuse horizontal solar radiation and they give very good results for different locations. 2, 19, 28, 31, 32 They are briefly presented below.
A. Models used for the monthly average daily global horizontal radiation
The first model applied is the linear one, proposed by Page, using the modified Angstr€ omtype equation. It is the most widely used method because of its simplicity and the fact that many meteorological stations measure the sunshine duration.
The Angstr€ om equation modified by Page is given in the following equation:
where H represents the monthly average daily global radiation, n is the monthly average daily hours of bright sunshine (h), H o represents the monthly average daily extraterrestrial radiation, N is the monthly average day length (h), and a, b are coefficients that have to be empirically determined for the respective area. N is given in the following equation:
where the sunset hour angle x s is given in the following equation:
where u represents the latitude and d represents the declination. The monthly average daily extraterrestrial radiation H o is given in the following equation:
where I sc represents the solar constant with a value of 1366.1 W/m 2 , 56 and DN is the day number in the year .
In the linear model of Eq. (1), the coefficients a and b are determined by first order regression analysis of measured data.
From the polynomial group of models, three models are used: second order polynomial proposed by Ogelman et al., given by Eq. (5); third order proposed by Zabara, given by Eq. (6); and fifth order proposed by Bakirci, given by Eq. (7), 19, 20, 31, 43, 63, 64 
where c, d, e, and f are the regressions coefficients that have to be empirically determined. The logarithmic model is the fifth one selected. Newland 46 and Bakirci 48 developed such models for the Coastal Region of South China and Turkey. The logarithmic model is given in the following equation:
The sixth model chosen is the exponential model developed by Almorox and Hontoria, given in the following equation:
Kaplanis and Kaplani have proposed a cosine model, given by Eq. (10), 57 for the prediction of H as a function of the day number in the year, 57 ,58
B. Models used for the monthly average daily diffuse horizontal radiation
The empirical models used to determine the monthly average daily diffuse horizontal radiation can be classified according to the mathematical function used for the estimation. 16, 19, 51 The first empirical model used for comparison was that of Gopinathan 53 where diffuse horizontal radiation is calculated as function of the clearness index using the following equation:
where H d represents the monthly average daily diffuse horizontal radiation, and the function f(K T ) can be a linear function of the monthly average daily clearness index when it varies between 0.3 and 0.7 or a third order polynomial function. 31, 54, 55 These correspond to the first and second models applied, respectively. K T is the clearness index, calculated by the following equation:
The third and fourth empirical models used for the monthly average daily diffuse horizontal radiation in this work take into consideration the sunshine duration, based on the Ibrahim models. 65 The models is given in the following equation:
where the function g(n/N) can be a linear function, or a second order polynomial function. The last one is a polynomial approximation developed by Gopinathan 53 given in the following equation:
C. Data collection and LabVIEW application A complex program was developed in the LabVIEW graphical programming language for the data processing. The data obtained with the pyranometer are saved in "cvs" format and the program permits data conversion and calculation of the monthly average daily extraterrestrial solar radiation, of the monthly average daily global horizontal solar radiation using the selected day or the average for an entire month and the monthly average daily diffuse horizontal solar radiation.
D. Data filtering procedure
Data correction procedures are given, presented and explained in Table II . 
Diffuse radiation values The data considered are comprised within the envelope delimitated by the two curves obtained by interpolation, given in the following equation, see Figure 1 : The concept used in step 5 of Table II to filter the data for the diffuse radiation values is introduced by Claywell et al. 60 and adopted by Bortolini et al.
32

E. Statistical tests
Various statistical error tests were used to evaluate the models. The first statistical error test is the mean absolute error (MAE) given in the following equation:
where x ic represents the calculated values, x im is the measured values, and n is the total number of measurements. The value for MAE must be very small, a value close to zero is desirable. Whereas MAE offers information on the long-term performance, the root mean square error (RMSE) test, given in Eq. (19) , gives the information on the short-term performance. In order to get accurate estimated values, the RMSE value must be as small as possible,
If the MBE and RMSE are considered separately the assessment of the best model might be false. The t-statistics is a method to avoid a wrong model selection and is given in the following equation:
where the mean bias error MBE is given in the following equation: 
The coefficient of determination R 2 , given by Eq. (22), is a measure of how well the curve fits the data and it value is between 0 and 1. A value of R 2 very close to one is desirable,
where x m is the mean of the measured values. The relative percentage error calculated for each month is given in Eq. (23) . The interval acceptable for the relative percentage is (À10%;10%),
IV. RESULTS AND DISCUSSION
The empirical coefficients were determined by linear, polynomial, exponential, and logarithmic type fittings according to the various models selected for the monthly average daily global and the monthly average diffuse horizontal solar radiation, using the data measured in the 4 yr. The coefficient of determination R 2 and RMSE are used to verify the matching between the real data points and the regression data points.
A different set of data obtained from SoDa database 62 for the same location, Brasov, and year 2005 was used for the validation of the models. Statistical tests MAE, RMSE, t-stat, R 2 were utilized for the performance testing.
A. The monthly average daily global horizontal radiation
The monthly average daily global horizontal solar radiation can be obtained by calculating the average for the entire month or by using for each month, the day when the extraterrestrial solar radiation is equal with the average for the entire month, see Table III . Both methods are used and the results are compared, Figure 2 . 4 There are differences between the daily global horizontal solar radiation for a selected day and the monthly average, see Figure 2 . These differences can appear because the selected days can be clear days in winter or cloudy days in summer, so that they significantly differ from the average.
The selected days for every month are used to reduce the calculation time. Taking into consideration these differences, it is better to use the average for the entire month in this study as the software allows the quick calculation of the monthly daily global horizontal solar radiation. The determination of the optimal model for the monthly average daily global horizontal solar radiation for Brasov starts with the simplest one, the linear model. In Figure 3 , the dependence between H/H o and n/N is represented. The coefficients a and b are obtained using linear fitting, given in the following equation:
The monthly average daily global horizontal solar radiation can be calculated using Eq. (24), by knowing the monthly average daily extraterrestrial radiation and the relative sunshine hours.
The results for the linear, polynomial, exponential, and logarithmic models are presented in Table IV . For the determination of the empirical coefficients of the model proposed by 
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Kaplanis, 57 DN is considered as the number of the day in the year that corresponds to the selected day, see Table III .
By analyzing the results of Table IV , it can be seen that for all the models chosen the values of the correlation coefficient R 2 are higher than 96%. The fifth order polynomial model has the best values for R 2 , as well as for RMSE.
Validation of the models presented in Table IV is performed using the SoDa database. The results are presented in Table V 41, 42 The Rietveld model is developed using data collected from 42 stations in different countries and it is given in the following equation:
The Page model is developed using data collected from stations placed between the latitudes of 40N-40S and it is given in the following equation: Taking into account the results of the statistical test, see Table V , the conclusion is that the fifth order polynomial model is the best model for the monthly average daily global horizontal solar radiation for Brasov, with the smallest MAE, RMSE, and t-stat values. A very good matching is obtained between the measured monthly average daily global horizontal solar radiation and the one estimated with the fifth order polynomial model. The value of the correlation coefficient R 2 is 0.999. With respect to the relative percentage e, a much higher dispersion is observed for the Page, Rietveld, and Kaplanis models. The monthly average daily global horizontal solar radiation calculated with Page and Rietveld models lead to underestimated values, see Table VI . The Page and Rietveld are general models. There can still be observed a doubling of the error for the estimation of the annual global solar radiation using the Rietveld model in comparison to the fifth order polynomial model and a four times increase in the case of the Page model. This indicates that local models need to be developed for higher accuracy. Good results are also obtained for the logarithmic model. Figure 4 renders a comparison between the estimated monthly average daily global horizontal solar radiation and the measured data using SoDa database.
The coefficients of the linear model for two periods of the year were obtained, too. The equations of this model are presented below: The results for the statistical tests are MAE ¼ 0:128 and RMSE ¼ 0:151. The percentage difference between H meas and H est is only of 3.14% by using the linear-two periods model. An improvement is observed in comparison to the linear annual model, see Table V .
The model for every month of the year is also developed. The equations of this model are presented below:
The results for the statistical tests are MAE ¼ 0:121 and RMSE ¼ 0:148. By using the linear-month model the percentage difference between H meas and H est is only of 2.91%. An improvement is observed in comparison to the linear annual model, see Table V. A mixed model is suggested analyzing the results obtained for the 4 yr and considering the best two models of the seven analyzed and it is given in the following equation: 
The mixed model offers highly improved results for the statistical tests: MAE ¼ 0:0727, RMSE ¼ 0:095, t-stat ¼ 0:397, and R 2 ¼ 0:999. By using this model, the percentage difference between H est and H meas is only of 0.32%. There is a very good matching between the estimated data with the mixed model and the validation data, and it is illustrated in Figure 5 . However, the mixed model overestimates the monthly average daily global horizontal solar radiation for July. The model for monthly average diffuse horizontal solar radiation also overestimates the value for July, as it can be seen below. This month seems to be critical, because other researchers obtained the same results, too. 16, 36 Using the same methodology as for the monthly average daily global horizontal radiation the following models are developed in order to determine the monthly average daily diffuse horizontal radiation. The results for the linear and polynomial models are presented in Table  VII .
By analyzing the results of 
Taking into account the statistic test values obtained for different estimated models, it can be observed that the models function of the clearness index gives the best results. The third order polynomial (K T ) model confirmed by the performance tests gives values that are close to the ones considered for validation, see Figure 6 . Taking into account the relative percentage error e, a greatly higher dispersion is observed for the linear (n/N), second order polynomial (n/N), and multi-location models. An error of 12.17% is observed for the multi-location model, and thus the search for highly accurate local models is required even if a significant model location-dependence is introduced. For Brasov the third order polynomial model (K T ) has an error of only 0.52%.
V. CONCLUSIONS
Empirical models can be used to estimate the monthly average daily global and diffuse horizontal solar radiation in areas where there are no appropriate measurement devices available.
In this study, several empirical models were fitted with measured data and later compared with a SoDa database in order to assess the validity of the coefficients. These models were applied on the meteorological data base of the Transilvania University of Brasov and verified with data from the SoDa database for 2005 and statistical errors tests.
Seven classical models were developed for the monthly average daily horizontal global radiation, one model for two periods of the year and one for each month, for the city of Brasov. Comparing the data from SoDa database for 2005 with the estimated data using the 
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Cotfas et al. J. Renewable Sustainable Energy 6, 053106 (2014) developed models indicates that the most suitable type of model for this type of solar radiation is the fifth order polynomial model with the sunshine duration parameter. An original model is developed by analyzing the results obtained for the classical models, namely the mixed model, Eq. (28), offering the best matching results between the estimated data and the ones used for validation.
The Rietveld model gives satisfying results to estimate the monthly average daily global horizontal solar radiation for Brasov. The Page model gives underestimated values because the latitude of the town is not in the interval 40 S and 40 N. Kaplanis model gave underestimated values particularly in March and April and overestimated in July but very close estimates to the measured data during the other months. It is important to note that the Kaplanis model is based only on the day number in the year and this gives an added value, whereas the other models take into account the sunshine duration for the period tested. Kaplanis and Kaplani have also proposed a more complex cosine model which gives better predictions. 58 For the monthly average daily diffuse horizontal solar radiation five models are developed. The parameters used are the clearness index and the sunshine duration. Using the statistical errors tests to assess the models and the validation data, the third order polynomial model with relative sunshine parameter is the best. The multi-location model proposed for Europe by Bortolini et al. is also tested, and an error of 12.17% is observed between the estimated data and the ones used for validation.
The data obtained in this study indicated that for a high accuracy both in the case of the monthly average daily global horizontal solar radiation and in the case of the monthly average daily diffuse solar radiation, local models need to be developed. These models can be used successfully for the location for which they are developed.
As shown in this study, the global models for the estimation of the monthly average daily global horizontal solar radiation and diffuse solar radiation gave acceptable estimates. The methodology outlined here using a local model based on regression statistical analysis with solar radiation data available from online databases is applicable to any region and gives closer estimates.
